INTRODUCTION
A major function of ubiquitin is its ability, when covalently bound to proteins via an isopeptide linkage, to target these proteins for recognition and degradation by the 26S proteasome [1] . This covalent linkage ofubiquitin occurs between the carboxy terminus of ubiquitin and the e-amino groups of lysine residues in the target proteins. Proteins targetted for degradation are generally multi-ubiquitinated with many of the ubiquitin moieties actually linked to lysine residues of ubiquitin moieties already attached to the protein [2] . Ubiquitination of proteins occurs in a multi-step process [3] . Ubiquitin is first activated by ubiquitinactivating enzyme (El) in a reaction which results in hydrolysis of ATP to AMP and pyrophosphate and in formation of a thiolester linkage between ubiquitin and El. The activated ubiquitin is then transferred to a cysteine residue of one of a family of ubiquitin-conjugating enzymes (E2s; ubiquitin carrier proteins) [4] which then ligates the ubiquitin to the protein substrate either directly or with the requirement of a third protein, ubiquitin protein ligase (E3). E3, when required, appears to be important in recognition and binding of the protein substrate [5] .
In this sequence of reactions, E2s appear to play key roles in determining the physiological consequences of ubiquitin conjugation. A diverse family of E2s exist (reviewed in [4] ) which can be subclassified based on structural and functional differences. Structurally, all E2s share a conserved core domain of and molecular masses of approx. 16700 Da. Isoform 2E was expressed in Escherichia coli and purified to homogeneity. It supported ubiquitination to reticulocyte and testis proteins more rapidly in vitro and produced larger conjugates than E214k' Examination of RNA from different tissues indicated that this type of E2 was expressed in a broad spectrum of tissues but at particularly high levels in the testis. Fractionation of a testis extract by anion-exchange chromatography identified several putative ubiquitin protein ligase activities with which this E2 could interact in promoting conjugation of ubiquitin to proteins. One of these activities supported conjugation of ubiquitin to histone H2A, a substrate degraded in the ubiquitin system by a non-N-end rule mechanism. This paper reports the first cloning of an apparent mammalian homologue of S. cerevisiae UBC4/ UBC5. Its high expression in testis and ability to efficiently support conjugation to testis proteins suggest that this family of E2s may play a role in the proteolysis that occurs during spermatogenesis.
approx. 16 kDa containing the cysteine residue required for the thiolester linkage with ubiquitin. Some E2s, designated class I, consist solely of this core domain and appear to require the presence of an E3 to support conjugation of ubiquitin. However, other E2s contain extensions at the carboxy (class II) or amino (class III) termini and these extensions have been suggested to play roles in substrate recognition [4] and can permit conjugation of ubiquitin to some proteins in an E3-independent manner [6, 7] . Functionally, these enzymes show differences by both biochemical and genetic analysis. Biochemically, some such as rabbit reticulocyte E2l4k [8] and wheat germ E2l5k [9] [6, 7, 10] and wheat germ E223k [11] are able to ubiquitinate histones. E225k [12] and wheat germ E22ok [13] have the distinctive ability to form multi-ubiquitin chains in vitro.
Genetic analyses using S. cerevisiae have indicated a diverse array of functions for E2s. For example, loss of UBC2 (RAD6) function leads to defects in DNA repair, induced mutagenesis, and sporulation [14] . UBC3 (CDC34) is essential for the GI to S transition in the cell cycle [15] . UBC10 is essential for peroxisome biogenesis [16] . The UBC1/UBC4/UBC5 family of genes plays an important role in selective proteolysis. Loss of UBC4/UBC5 genes results in impaired degradation of short-lived and abnormal proteins and a marked decrease in ubiquitination of cell proteins [17] . UBC1 deficiency leads to impaired growth after germination [18] .
A clearer understanding of the functional and mechanistic aspects of the ubiquitin system can be obtained by integrating the genetic analyses in yeast with the biochemical analyses performed largely in plant and mammalian systems. Furthermore, such integration can permit development and testing of hypotheses regarding the physiological functions of these enzymes in mammalian systems. For example, we have been interested in identifying components of the mammalian ubiquitin-conjugating system that may be involved in the degradation of a broad spectrum of substrates such as that which occurs in tissues atrophying under catabolic conditions or in certain developmental processes characterized by marked loss of protein such as erythrocyte formation from reticulocytes or spermatogenesis. Reticulocyte extracts contain a highly active ubiquitin-dependent proteolytic system. Early studies of ubiquitin conjugation in this system have indicated that E2l4k best supports ubiquitination of reticulocyte proteins and proteolysis in this extract [8] . Because of this E2's apparent importance in the proteolytic functions of ubiquitin and its relatively broad substrate specificity, we have previously undertaken the molecular cloning of this enzyme [19] . Surprisingly, this E2 was structurally very similar (69% amino acid identity) [19] and functionally homologous to the yeast DNA repair gene UBC2 (RAD6) [20] . Interestingly, the primary structure was relatively dissimilar (39 % amino acid identity) to the two yeast E2s, UBC4/UBC5, known to be required for degradation of short-lived proteins and for formation of a large part of the cell's steady-state pool of conjugates [17] . Since mammalian homologues of these two important yeast genes may have similar broad functions, it has been of significant interest to identify such homelogues. We now report the molecular cloning and biochemical characterization of a family of rat E2 genes, designated E2l7kB (this enzyme has been designated as E2l7kB in keeping with the custom of naming mammalian E2s according to size and to distinguish it from another 17 kDa E2 previously identified in rabbit reticulocyte preparations but clearly distinct from E217kB as it does not support conjugation to endogenous proteins [21] ) with strong sequence homology to UBC4/UBC5. These enzymes catalyse more efficient ubiquitination to reticulocyte proteins than E214k' Furthermore, these enzymes appear to be highly expressed in testis, one of the few tissues in the adult mammal demonstrating ongoing high rates of protein degradation, and can support ubiquitination of endogenous proteins in this tissue.
EXPERIMENTAL
Cloning of cDNAs encoding E217k.
RNA PCR was used to identify expression of a rat sequence potentially homologous to S. cerevisiae UBC4/UBC5. cDNA was synthesized from total rat muscle RNA (2 ,ug) in a 20 ,u1 reaction using reverse transcriptase (Gibco-BRL Superscript Preamp kit) according to the supplier's protocol and oligo dT [17] . Annealing was carried out at 45°C, extension at 72°C for 1 min and 25 cycles were performed.
The amplified DNA fragment was subcloned into pTZ18R method and T7 polymerase (Pharmacia). Since the predicted protein sequence indicated marked similarity to UBC4/UBC5, the PCR-amplified DNA fragment was labelled with 32P and used as a probe to screen a rat testis cDNA library in the AzapIl vector (Stratagene). An aliquot containing 1 million recombinants was screened by transfer of plaques to nitrocellulose membranes and hybridization with the probe [22] . Purified positive phage were grown and the pBluescript plasmid containing the insert excised from the phage according to the manufacturer's instructions. The inserts in the plasmids were sequenced using the dideoxy chain termination method with either T7 (Pharmacia) or Taq polymerase (Promega). Sequence analyses were carried out using the PCGENE software package (Intelligenetics).
RNA blot analysis
Total RNA was prepared from tissues from male SpragueDawley rats (body wt. approx. 100 g; Charles River Laboratories) by the guanidium isothiocyanate/CsCl method [23] .
RNA blots were prepared by electrophoresing 10 ,ug of RNA in 1 % agarose containing 1.1 % (v/v) formaldehyde followed by capillary transfer on to nylon membranes (Bio-Rad) and u.v. cross-linking of the RNA to the membrane. The membrane was hybridized at 65°C with the 32P-labelled PCR-amplified fragment in 50 mM Tris, pH 7.5/1 M NaCl/0.1 % (w/v) sodium pyrophosphate/ 1% (w/v) SDS/0.2 % polyvinylpyrrolidone (40000)/0.2% Ficoll (400000)/0.2% BSA/100lug/ml salmon testes DNA. Washing of the membrane was conducted at the same temperature in 2 x SSC (SCC = 150 mM NaCl/1 5 mM sodium citrate)/0. 1 % SDS and the membrane was then subjected to autoradiography.
Expression of E21,, cDNA in E. coli
To characterize this family of E2s biochemically, one of the cloned cDNAs was expressed in Escherichia coli using the T7 promoter in the pETlID expression vector (Novagen). The insert for clone 2E was excised from the pBluescript plasmid with Ncol and EcoRV and ligated into the pETiI D vector which had been digested with BamHI, blunt-ended with Klenow polymerase, and then digested with NcoI. The plasmid was then transformed into the BL21 (DE3) host strain which is a lysogenic strain containing the bacteriophage T7 RNA polymerase gene under control of the lac repressor. The bacteria were grown at 37°C in Luria broth with ampicillin to an A660 of between 0.6 and 1.0. The culture was then cooled to 30°C and induced with 1 mM isopropyl 8-D-thiogalactopyranoside. The bacteria were harvested 3 h later by centrifugation at 1200 g for 20 min.
Purification of recombinant E217kB
Bacteria expressing E2l7kB from 800 ml of culture were prepared as described above. Subsequent procedures were carried out at 4 'C. Following washing of the cells with PBS, the cells were resuspended in 80 ml of 50 mM Tris, pH 7.5 (at 4°C)/1 mM dithiothreitol (DTT)/5 mM EDTA and lysed by sonication. The lysate underwent centrifugation at 100000 g for 1 h. The supernatant was fractionated with (NH4)2SO4 (ICN Ultrapure). The 40-75 % fraction was resuspended in and dialysed against 50 mM Tris, pH 7.5/1 mM DTT. This was passed through a 5 ml DEAEcellulose column (Whatman DE-52) equilibrated with 50 mM Tris, pH 7.5/1 mM DTT. The flow through was collected, made to 20 mM Mes with 0.5 M Mes, pH 6.2, and dialysed against (Pharmacia) and sequenced using the dideoxy chain termination 20 mM Mes, pH 6.2/1 mM DTT. The dialysed material was then passed through a 5 mm x 100 mm propylsulphonic acid cation-exchange column (Waters SP/HR15) equilibrated with 20 mM Mes, pH 6.2/1 mM DTT. Bound proteins were then eluted with the same buffer containing a gradient of NaCl (0-0.3 M, 10 mM/min). Fractions (1 ml) containing E2 activity were neutralized by making them to 50 mM Tris with 2 M Tris/HCl, pH 7.8, prior to freezing. This was found to prevent significant loss of activity from freeze-thawing.
Preparation of testis extracts
All procedures were carried out at 4°C or on ice. Testes To identify potential E3 activities, testes were homogenized as above but in 50 mM Tris/Mes, pH 7.5/1 mM DTT. The 100000 g supernatant (24 mg) was applied to a 5 mm x 50 mm quaternary amine anion-exchange column (Pharmacia MonoQ) equilibrated with the homogenization buffer. Bound proteins were eluted with a 0-0.5 M NaCl gradient (10 mM/min in 50 mM Tris/Mes, pH 7.5/1 mM DTT) and fractions assayed for their ability to support E2 17kB-dependent conjugation as indicated below. The unbound material was adjusted to pH 6.5 with 0.5 M Mes and applied to a 5 mm x 100 mm propylsulphonic acid cation-exchange column (Waters SP/HR15). Bound proteins were eluted with a NaCl gradient as for the anion-exchange column but at pH 6.2. The unbound material was adjusted to pH 7.5 with 2 M Tris, concentrated to 0.6 ml and chromatographed on a gel filtration column (Pharmacia Superose 12), equilibrated and eluted with 50 mM Tris, pH 7.5, and 1 mM DTT.
Biochemical assays Preparation and quantification of enzymes
El was purified from rabbit reticulocytes as previously described [21] . Recombinant E2l4k was produced and purified as previously reported [19] . The El and E2 enzymes were quantified by measuring the initial release of radioactive pyrophosphate following incubation in the presence of [y-32P]ATP and ubiquitin [24] . Fraction II (fraction of lysate-containing components of the ubiquitin system, but lacking ubiquitin) and the 0-30 % (NH4)2SO4 pellet of fraction II were prepared as previously described [21] .
lodination of proteins Bovine ubiquitin (Sigma) was labelled with Na1251 to a specific radioactivity of 10000 c.p.m./pmol as described previously [25] . Histone H2A (Boehringer) was iodinated to a specific radioactivity of approx. 300000 c.p.m./,ug by the chloramine-T method. Unincorporated iodine was removed by passing the reaction products over a 0.8 cm x 25 cm Sephadex G-25 column.
Thiolester assays
E2s covalently bound to ubiquitin in thiolester linkages were detected by incubating the enzymes in the presence of 50 mM Tris, pH 7.5/1 mM DTT/2 mM MgCl2, 2 mM ATP/30-50 nM El, and inorganic pyrophosphatase (20 units/ml). Following incubation at 37°C for 1 min, the reaction was stopped with Laemmli sample buffer without 2-mercaptoethanol and electrophoresed at 4°C on a 12.5 % polyacrylamide/SDS gel. The gel was then dried and autoradiographed.
Conjugation assays
Assays were conducted in 50 mM Tris, pH 7.5/1 mM DTT/2 mM MgCl2/2 mM 5'-adenylyl imidodiphosphate (AMPPNP)/30-50 nM El/5 zM '25I-ubiquitin. If radiolabelled substrates were used, then 25 ,uM unlabelled ubiquitin was present. AMPPNP was used in place of ATP to enhance the ability to visualize ubiquitin-protein conjugates since this analogue supported El-mediated activation of ubiquitin which resulted in hydrolysis at the a-,8 phosphate, but did not support proteolysis which involves hydrolysis of ATP at the fl-y bond [26] . E2s were supplemented as indicated in the Figure legends.
In some cases, 100 ,IM haemin, an inhibitor of conjugate degradation and isopeptidase activity [27] was also added. Fraction II, the 0-30 % (NH4)2SO4 fraction of fraction II previously shown to be devoid of E2 activity [21] , and fractions from the MonoQ chromatography of the testes extracts were added as sources of E3 as indicated in the Figure legends. Reactions were incubated at 37°C for 1 h unless otherwise indicated. Following quenching with Laemmli sample buffer and boiling, the samples were electrophoresed on polyacrylamide gels which were dried and autoradiographed. In some experiments, the ubiquitin incorporated was quantified by cutting the lanes of the gel and counting the radioactivity.
RESULTS
Identffication of a sequence similar to S. cerevisiae UBC4/UBC5 expressed in rat muscle
To determine whether a UBC4/UBC5 homologue might be expressed in the rat, oligonucleotides derived from the UBC4 sequence (forward primer: residues 49-75; reverse primer: residues 421-445 of the coding sequence) were used in PCRs with rat msucle cDNA obtained by reverse transcription as template. Indeed, a fragment of 390 bp was amplified (Figure la) which, when sequenced (Figure lb) , contained an open reading frame which predicted an amino acid sequence with 83 % identity to UBC4/UBC5.
Tissue expression of the putative UBC4/UBC5 homologue In order to select an appropriate tissue cDNA library for use in screening for full length cDNAs, the levels of expression of this apparent UBC4/UBC5 homologue in various tissues were examined by probing an RNA blot prepared with total RNA from various rat tissues with the labelled DNA fragment (Figure 2 ). Major transcripts of 1.8 and 2.9 kb were detected. However, longer exposures revealed three other transcripts, 1.1, 1.4 and 3.9 kb in size. High levels of expression were seen in the testis, particularly of the 1.8 kb transcript. Figure 1(a) Figure 4 Comparison of the deduced amino acid sequences for clones 2E, 4A and IOA with sequences of E2s from Drosophila (UBCD1) [29] , A. thaliana (ATHUBC8) [28] , 8 . cerevisiae (UBC4), and rabbit reticulocytes (E214k and RABE2F1) [19, 30] Residue numbers are shown at the right of each line. At the end of each sequence, in parentheses, are shown the percentage amino acid identity/similarity when compared with E217kB clone 2E. (a) The insert in clone 2E was expressed in E. co/i under control of the T7 promoter. Following induction of expression, thiolester assays were performed on the lysates as described in the Experimental section. Lysate from the expressing bacteria (pET2E) was incubated with ATP and 1251-ubiquitin in the absence (-El) or presence (+ El) of El, but the reaction was quenched with sample buffer containing 2-mercaptoethanol (+ ME). As a further control, lysate from bacteria transformed with the expression vector alone (pET) was also assayed as above in the presence of El and without exposure to 2-mercaptoethanol. Reaction products were electrophoresed on 12.5% polyacrylamide gels and autoradiography was performed following drying of the gels. (b) Conjugation assays were performed as described in the Experimental section with 1251-ubiquitin, El, AMPPNP, haemin, and 0-30% (NH4)2S04 fraction (2.8 mg/ml) in the absence or presence of recombinant E214kB or E217kB (each at 40 nM). Incubation times were 2 min as the assay was linear in this range. Reaction products were resolved from free ubiquitin by electrophoresis on 10% polyacrylamide gels and the dried gels were autoradiographed.
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acids. The predicted sequences were highly similar to S. cerevisiae UBC4/UBC5. When the three sequences were compared to UBC4, there was 80 % amino acid identity and 85 % similarity when conservative substitutions were included. When compared with other cloned E2s (Figure 4) , marked similarity was found only with a family of conjugating enzymes from the plant Arapidopsis thaliana [28] and with the Drosophila UbcDl gene [29] . The basic pl of the proteins would suggest that it would not bind to an anion-exchange column and therefore be localized in fraction I if expressed in reticulocytes. When compared with sequences obtained from peptides derived from a reticulocyte E2 recently found in fraction I [30] (Figure 4) , there was strong sequence similarity only in the conserved region containing the cysteine previously shown to be involved in the thiolester linkage with ubiquitin [31] . If the three peptides were analysed together, there was only 52 % amino acid identity. When compared with the previously cloned E214k [19] , only 38 % identity was observed.
Expression of E217kB in E. coli and purification to homogeneity
To characterize biochemically this family ofconjugating enzymes, one of the cDNAs (2E) was expressed in E. coli using the strong T7 bacteriophage promoter. Upon incubation of the crude lysate in the presence of ATP, purified reticulocyte El and 1251_ ubiquitin, a labelled band of approx. 23 kDa was detected in the extract derived from the expressing strain (Figure 5a ). Such an activity was absent in the host strain transfected with plasmid vector lacking the E2 cDNA insert. This band disappeared upon treatment of the reaction with 2-mercaptoethanol (Figure 5a) Initial purification involved precipitating a large fraction of the expressed protein with a 40 %-75 % (NH4)2S04 precipitation ( Figure 6 ). This step concentrated the lysate and also removed a large molecular mass contaminant. Further purification was then obtained by passing the resuspended and dialysed pellet through a DEAE-cellulose anion-exchange column. Most of the bacterial proteins were retained while the E2 remained in the flow through as expected based on the predicted basic charge of the protein. Final purification to homogeneity ( Figure 6 ) was obtained by passing the unbound material through a propylsulphonic acid cation-exchange column. The E2 was observed to Reactions were electrophoresed on 10% polyacrylamide gels and the dried gels were autoradiographed. Lanes were cut out and radioactivity counted. E217kB-dependent incorporation of ubiquitin was determined by subtracting the counts incorporated in the absence of E217kB.
Reactions from the three major peak fractions are shown above. E217kB-dependent conjugation activity of the material eluted by the NaCI gradient is plotted below. T, top of resolving gel. elute at a NaCl concentration of approx. 0. 15 M. The final yield of protein was approx. 6 mg/l of bacterial culture.
E217kB supports ubiquitination of endogenous reticulocyte and testis proteins
To test whether this E2 can support ubiquitin conjugation to endogenous proteins, the purified protein was incubated in the presence of ATP, El, xlI-ubiquitin and the 0 30 % (NH4)2SO4
pellet of reticulocyte fraction II. This (NH4)2S04 fraction has previously been shown to be devoid of E2 activity [21] . Indeed, purified E217kB actively promoted the conjugation of ubiquitin into endogenous proteins of the extract ( Figure Sb) . In comparison with equivalent amounts of E214k', the E217kB was more efficient at promoting conjugation. Furthermore, the conjugates produced by E2x7kB were larger in molecular mass. Indeed, some of the conjugates were unable to enter the 40% acrylamide stacking gel.
Since E2x7kB appeared highly expressed in the testis, it was of interest to determine its ability to support conjugation in this tissue. Fraction II was prepared from testis and conjugation in this fraction could be demonstrated simply by adding 12511 ubiquitin to the extract (Figure 7a ). However, increased conjugation was demonstrated by supplementing the fraction with recombinant E217kB (Figure 7a ). E217kB could also support conjugation in a 0-30 % (NH4)2SO4 pellet of fraction II ( Figure  7b ) which, as in reticulocytes [21] , does not possess intrinsic of putative E3 activity identified in Figure 8 . The peak fractions were concentrated 4-fold and the salt diluted 20-fold prior to being used in the assay. Incubation time was 2 h at 30 OC.
conjugating activity. As in the reticulocyte preparation, E2l7kB
was more active than E214k at promoting such conjugation and generated higher molecular mass conjugates (Figure 7b ). (Figures 5b and 7b) . Furthermore, in contrast to most E2s, it possesses a net basic charge, and does not bind to anion-exchange resins. In these regards, this E2 is similar to an 18 kDa E2 recently purified from rabbit reticulocyte fraction I [30] . However, when sequences of peptide fragments of this 18 kDa E2 are aligned to similar regions of E2l7kB there is only 52 % amino acid identity (Figure 4) . Furthermore, this 18 kDa E2 can support conjugation and degradation ofglyceraldehyde-3-phosphate dehydrogenase, actin and a-crystallin, activities that we are unable to demonstrate for E2M7kB (results not shown). Thus, there appears to be a family of E2s with net basic charge with two more members now described in this report.
Identification of potential E3 activities in the testis
These E2sl7kB are also distinctive in being the first mammalian E2s cloned with high sequence similarity to S. cerevisiae UBC4/UBC5. These genes serve vital functions in yeast. They are required for degradation of short-lived and abnormal proteins, are induced by heat shock, and appear to perform much of the ongoing ubiquitination of proteins in the yeast cell [17] . Such an apparently broad substrate specificity in yeast would be consistent with the ability of E217kB to actively conjugate ubiquitin to endogenous proteins ( Figures Sb and 7 ). In addition, evidence exists that a mammalian homologue of UBC4/UBC5 can participate in turnover of short-lived proteins. Recently, an E2 from the plant A. thaliana, UBC8, has been shown to support conjugation of ubiquitin in vitro to the tumour suppressor gene p53 in the presence of the papillomavirus product E6 [33] . E2l7kB shares 80 % amino acid identity with UBC8, indicating that it is the probable mammalian homologue of that plant E2. Indeed, our preliminary studies indicate that E217kB can support ubiquitination of p53 (S. S. Wing and G. Matlashewski, unpublished work). The recently described 18 kDa E2 from fraction I also supports such ubiquitination [34] suggesting that several mammalian E2s may be capable of this function. In contrast to UBC4/UBC5 though, our studies indicate that E2l7kB is not inducible by heat stress (results not shown).
Our studies indicate that E217kB is expressed in a broad spectrum of tissues (Figure 2 ), a finding consistent with the fundamental importance of UBC4/UBC5 in cellular protein degradation. However, strikingly, this E2 appears highly expressed in testis. This would be consistent with a proteolytic function for this E2 since this is one of the few tissues in the adult organism where there is rapid degradation of proteins occurring on an ongoing basis. During the formation of spermatids, most intracellular proteins are degraded (reviewed in [35] ). Identification of an E2 highly expressed in testis is particularly intriguing as the ubiquitin system appears to be implicated in spermatogenesis. A Y chromosome gene homologous to El has been found to be specifically expressed in the mouse testis and genetically localized to the region containing the spermatogenesis gene, Spy [36, 37] . Our studies are the first demonstration of conjugation activity in the testis. Furthermore, we have demonstrated that E217kB supports conjugation of ubiquitin to endogenous proteins in testis extracts ( Figure 7) . As in reticulocytes, E217kB appears to do this more efficiently than E2l4k, the only other cloned mammalian E2 with this catalytic activity. In addition, we have, by ion-exchange chromatography, identified several activities in the testis extract which appear to be likely to represent E3s (Figure 8) . One of them ( Figure 9) [33] . The conjugation of histone H2A by only one of three potential E3 activities would also suggest that these E3s possess distinct substrate specificities. Further purification and characterization of these E3 activities may therefore lead to identification of natural substrates of this arm of the ubiquitin system in the testis.
By primary structure analysis, E2l7kB is classified as a class I E2 [4] , since it does not possess either amino-terminal or carboxyterminal extensions which have been suggested to permit substrate recognition without a requirement for an E3 [4] . Thus, it possesses only the conserved core domain found in all E2s. In this regard it is very similar to E2l4k. However, the distinctive properties of the two enzymes make it quite clear that certain regions of this conserved core are different enough to determine these different functional properties. Biochemically, E214k can mono-ubiquitinate histone H2A in the absence of E3 [6] , whereas, E2l7kB requires an E3 activity to support any ubiquitination of this substrate ( Figure 9 ). Furthermore, since E214k can complement a UBC2 (RAD6) mutation in S. cerevisiae [20] , it probably has different physiological functions from E217kBI which appears homologous to S. cerevisiae UBC4/UBC5. These E2s probably mediate their distinct functions through interactions with different E3s. Therefore, it is likely that distinctive sequences within this core region determine specificity for E3s. The cloning of these two enzymes along with the ability to mutagenize, express and rapidly purify them will now permit ready identification of these distinctive sequences.
Interestingly, a family of very similar E2s has been identified. These isoforms share 97 % amino acid identity (Figure 4) Although the high sequence similarity would argue against dramatic differences in specificity, this can now be explored carefully by recombinant production of each of these E2s.
We have also demonstrated, for the first time, rapid cloning of a mammalian homologue of a yeast ubiquitin system gene based on PCR amplification of mammalian cDNA using oligonucleotides derived from the yeast sequence (Figure 1 ). Since it is now clear that the ubiquitin system is highly conserved through evolution, such an approach may be applicable to other components of this system. The ability to rapidly identify homologues will permit quicker integration of yeast genetic data with biochemical and physiological information from studies in higher eukaryotic systems. This will ultimately lead to a better understanding of the mechanisms and functions of the ubiquitin system in mammalian species.
